Abstract. This paper presents an observer output-feedback load frequency control for power systems with uncertain parameters and time delays in communication networks. First, an observer-based controller is designed dependent on only the observer output. Therefore, the conservatism is reduced and the robustness is enhanced. It also both save computing time and make the control method simpler. Second, the stability of both the observer error system and closed-loop control system is proven via the Lyapunov direct method. Moreover, simulation results show that the proposed observer output-feedback load frequency controller results in shortening the frequency's transient response, maintaining required control quality in the wider operating range, and being more robust to uncertainties as compared to some existing control methods.
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I. INTRODUCTION
In a power system, both active and reactive power demands are never steady and they continually change with the rising or falling trend.
Steam input to turbo-generators or water input
to hydro-generators must, therefore, be continuously regulated to match the active power demand, failing which the machine speed will vary with consequent change in frequency and it may be highly undesirable. Therefore, it is necessary to design a load frequency control (LFC) system, which deals with the control of loading of the generator depending on the frequency.
Frequency control is constructed by three levels: primary, secondary, and tertiary control [1] . The objective of primary control is to reestablish a balance between generation and demand within the synchronous area at a frequency dierent from the nominal value. Primary control responds within few seconds. Under normal operation, the primary control can reduce small frequency deviation, but for larger deviation, secondary control is required. Secondary control is used to steer frequency deviation to zero. Following a serious situation, if the frequency is rapidly dropped to a critical value, tertiary control may be required to reestablish the nominal frequency.
In the literature, the load frequency controllers commonly used in the industry are a pro- [32] . However, these approaches given in [29] - [32] can not be applied for the interconnected power system with time delayed and parametric uncertainties.
Motivated by the previous works, in this paper, a new observer output-feedback load frequency controller is proposed in order to control the frequency of a two-area interconnected power system with time delayed and parametric uncertainties. The observer and integral control are employed to improve power-system performance. The main contributions of this paper are as follows.
• The proposed controller design is dependent on only the observer output (u = -Kŷ(t)).
Therefore, the conservatism is reduced and the robustness is enhanced. It also both save computing time and make the control method simpler.
• The stability of both the observer error system and closed-loop control system is proven via the Lyapunov direct method.
• Simulation results show that the proposed observer output-feedback load frequency controller results in shortening the frequency's transient response, maintaining required control quality in the wider operating range, and being more robust to uncertainties as compared to some existing control methods.
II. TWO-AREA INTERCONNECTED POWER SYSTEM
The load frequency control (LFC) system investigated is composed of an interconnection of a two-area power system [24] - [26] . 
and
The dynamic equations of two area of a multiarea power system are as follows:
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T is the control input. The system matrices for the two-area interconnected power system are given as below (equations (4)- (5)), and ∆P=[∆P d1
The matrix form of system dynamic model with parameter uncertainties is aṡ
where A∈R m×n and B∈R n×m are matrices of the nominal parameters; ∆A represent paramet- To guarantee the asymptotic stability of overall system, the observer output-feedback controller is designed based on the following assumptions.
Assumption 1: Assuming that the incremental
change in load demand ∆P is bounded and there exist a constant >0 such that ∆P ≤ ε (6)- (7) is given bẏ
y(t) = Cx(t) (10) u(t) = −KCx(t) = −Kŷ(t) (11) wherex∈R n is the estimation of x(t),ŷ(t)∈R p is the observer output, K∈R m×n is the controller gain, and L∈R n×p is the observer gain. By equations (9)- (11), equation (6) can be rewritten aṡ
where e(t)=x(t)-x(t) is the estimated error of system. From equation (12)- (13) and we have 
where P 1 ∈R n×n >0, P 2 ∈R n×n >0,
we can establish the following theorem.
Theorem 1: The system is bounded stable by the observer output-feedback controller -provided that there exist some positive constants α 1 >0, α 2 >0, α 3 >0 and α 4 >0, two positive definite symmetric matrices P 1 ∈R n×n , P 2 ∈R n×n and matrices K∈R m×n , L∈R n×p such that
where
Before proving Theorem 1, we recall the following Lemmas:
Lemma 1 [34] : Let X and Y are real matrices of suitable dimension then, for any scalar ϕ>0, the following matrix inequality holds:
Lemma 2 [34] : Let X, Y and F be matrices of compatible dimension then
for any H(t) satisfying ||H(t)|| and a scalar ϕ>0.
Proof Theorem 1: Let us choose the Lyapunov functional as
where P 1 ∈ R n×n > 0 and P 2 ∈ R n×n > 0.
Then, we havė
Applying Lemma 1 and Lemma 2 to equation
where τ =α 3
where the constant value µ=ε 2 τ and the eigenvalue µ min (Π)>0. Using the results of [23] , [28] , we haveV (x(t), e(t)) < 0 with
Hence, the system is bounded stable.
Remark 1: The observer based load frequency control for interconnected power system can be seen in [21] - [23] and [26] - [27] . However, these approaches only considered the estimation error of the observer based full state feedback control, which increases the computation of burden due to the associated closed-loop system, possessing a dynamical order double that of the actual sys- [28] , [33] ∆Ẋ G1 (t) = −∆X g1 (t)
The governor gets a delayed ACE signal, and the third term represents the impact of the former state. Thus, the matrix form of system dynamic model with communication delays can be rewritten asẋ
and 
A dynamic observer-based output feedback control for the delayed system (18)-(19) is given bẏ
y(t) = Cx(t) (21) u(t) = −KCx(t) = −Kŷ(t) 
where e(t) = x(t) −x(t) is the estimated error of system. Using equations (23)- (24) and we obtain
Then, we can establish the following theorem.
Theorem 2: The delayed system is bounded stable by the observer-based output feedback controller (20)- (22) provided that there exist some positive constants α 1 >0, α 2 >0, α 3 >0 and α 4 >0, four positive denite symmetric matrices P 3 ∈ R ×n , P 4 ∈ R n×n , P 5 ∈ R n×n , P 6 ∈ R n×n and matrices , K ∈ R m×n , and
Proof Theorem 2: We rst construct the following the Lyapunov functional candidate
V (x(t), e(t)) = x(t) e(t)
T P 3 0 0 P 4 x(t) e(t)
T P 5 0 0 P 6
x(s) e(s) ds
where P 3 ∈ R ×n > 0, P 4 ∈ R n×n > 0, P 5 ∈ R n×n > 0, P 6 ∈ R n×n > 0. Then, we geṫ V (x, e) = x(t) e(t)
Applying Lemma 1 and Lemma 2 to equation (27) , we achievė V (x(t), e(t)) x(t) e(t)
where the constant value µ = ε 2 τ and the eigenvalue λ min (Π) > 0. Using the results of [23] , [28] , we haveV (x(t), e(t)) < 0 with
.
Hence, the delayed system is bounded stable. (29)- (31)) and the scalars α 3 =0.1 and α 4 =1.1. The simulation results of ∆f 1 (t), ∆P tie (t), ∆f 2 (t), ACE 1 and ACE 2 using the proposed controller are shown in Fig. 2 to Fig. 6 . It is ∆f 2 (t), ACE 1 and ACE 2 using the proposed controller are shown in Fig. 7 to Fig. 11 . From system are the same with Case 2.
From Fig. 12 to Fig. 16 , it is obvious that time delays have eected the closed-loop system performance, however, in spite of this, the "This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited (CC BY 4.0)."
